Storm trainings, consisting of line-shaped aggregates of cumulonimbi, bring persistent local heavy rains, often causing devastating floods and landslides. Weather control techniques could in theory help prevent such disasters, but so far successful weather control has been limited to local rain initiation or the diffusion of local clouds. No successful strategies have been proposed for the control of mesoscale storms. Here we show that a strategic use of consumer air conditioners, which can typically remove about 1kg of moisture from the air per hour when run in dehumidification mode, and which are installed in large numbers in big cities, can modulate a storm downstream.
(SUMMARY)
Storm trainings, consisting of line-shaped aggregates of cumulonimbi, bring persistent local heavy rains, often causing devastating floods and landslides. Weather control techniques could in theory help prevent such disasters, but so far successful weather control has been limited to local rain initiation or the diffusion of local clouds. No successful strategies have been proposed for the control of mesoscale storms. Here we show that a strategic use of consumer air conditioners, which can typically remove about 1kg of moisture from the air per hour when run in dehumidification mode, and which are installed in large numbers in big cities, can modulate a storm downstream.
We numerically reproduced a storm training that affected the Hiroshima metropolis in Japan in 2014, and conducted experiments to test the sensitivity of the storm to the initial moisture field near the surface. We propose an empirically-derived formula for a control efficiency parameter, which can be used to estimate the impact of moisture removal on the rainfall accumulation. It reveals that removal of half a kiloton of moisture, which could be achieved within half an hour in a city with a population of one million since more than one air conditioner is installed per capita in Japan, could lead to a significant reduction of the total rainfall accumulation over a 100 km 2 area of heavy rain during the storm event. Conversely, our results indicate that some summertime storms occurring inside or near a metropolis could be strengthened by the excess moisture discharged from large numbers of air conditioners used for cooling rooms. We anticipate our results, which reveal that human activity can have a significant impact on storms, will be a starting point for considering the coupling of weather and the economy, and will contribute to the development of a sustainable society.
(TEXT)
Line-shaped rain bands -so-called storm trainings 1-4 -are often observed in heavy rainfall events, which often cause serious damage to society. Kato (2015) 5 defined a storm training as a line-shaped aggregate of cumulonimbi with a width between 20 and 50 km and a length between 50 and 200 km. Such systems often persist over a given location for a few hours, bringing extremely high rainfall accumulations. In Japan, twothirds of heavy rain events excluding those related to typhoons can be attributed to storm trainings 6 . For example, it is reported that the serious heavy rain event in the west of Japan in July 2018 was brought about by several tens of storm trainings 7 .
Owing to recent advancements in observational and computational technologies, detailed investigation and forecasting of storm trainings has now become feasible, and with these advances comes the possibility of modifying storm trainings to prevent or reduce disasters. The field of weather modification has a long history. The main focus so far has been on methods to artificially modify rainfall. Langmuir (1961) 8 found that the introduction of dry ice and iodide into a sufficiently moist cloud could induce precipitation. These substances work as cloud condensation nuclei (CCN) or iceforming nuclei (IN), which promote the generation of cloud droplets or ice crystals, and also the conversion of super-cooled liquid droplets into ice crystals. This kind of dispersion of CCN or IN into a cloud is called cloud seeding, and is mainly used to alleviate droughts. Seeding techniques have been developed by many researchers working in many countries [9] [10] [11] , and about 100 experiments are conducted every year.
Recently, hurricane control was also discussed. Hoffman (2004) 13 numerically simulated two destructive hurricanes, Iniki and Andrew, which struck in 1992. The results showed the possibility of changing the track and weakening the hurricanes by making relatively small changes to the initial sea surface temperatures. Rosenfeld et al. (2007) 14 investigated that the possible impact of seeding with submicron CCN on hurricane structure and intensity. However, a realistic and feasible method for controlling hurricanes is yet to be identified.
Cloud seeding modifies the inner structure of individual clouds, whose horizontal length scales are typically around 10 km. Hurricane control would require modification of mesoscale cloud systems with typical length scales of around 1,000 km. No attempts have so far been made to modify storm training systems, whose length scales are typically around 100 km.
Here we show the feasibility of modifying storm training systems by making use of consumer air conditioners installed in metropolitan areas. According to national statistics, more than one consumer air conditioner is installed per capita in Japan (Japanese national census 2015; Japanese cabinet office consumption trend survey 2019). If all these air conditioners were operated together in a dehumidification mode, very large amounts of water vapor (moisture) could be removed from the lower atmosphere. We show that such levels of moisture removal can have a significant impact on a storm training.
STORM TRAINING SYSTEM
We conducted numerical weather simulations for a western Japan domain ( 
Moisture removal and control efficiency
We conducted sensitivity experiments in which water vapor mixing ratios below 500 m were reduced upstream of the storm training. We mostly changed the moisture over the Bungo Channel, where the lower atmosphere contained large moisture concentrations (Fig. 2) , since a persistent south-easterly wind blew into Hiroshima during the storm. We reduced moisture levels below 500 m at the same uniform rate in all grid boxes over (i) the entire 8,660 km 2 computational domain (Case EN), (ii) subdomains with areas of 4,800 km 2 (cases PA-1 and PA-2), and (iii) sub-domains with areas of 100 km 2 (cases PB1-9) (Fig. 2) . We analyzed the impact of the moisture removals on rainfall over several rectangular target regions -specifically, the rainfall accumulations for the 6-hour period from 11pm on 19th to 5am on 20th August 2014.
Four target regions with different sizes were chosen ( Fig.1a): (1) the entire 8,660 km 2 computational domain (Region EN), (2) region A, which has an area of 1,000 km 2 , (3) region B, which has an area of 100 km 2 , and (4) region C, which has an area of 10 km 2 .
Regions B and C are focused on the largest rainfall accumulation area in Hiroshima.
The storm training structures were not disrupted by the moisture removals, but the intensity of the rainfall was modulated (see an example in Extended Data Fig. 2 ).
In order to quantify the performance of the system, we define a control efficiency Ef
where Ob is the total amount of the rainfall reduction over the target domain for the 6 hours from 11 pm to 5 am, and Mr is the amount of moisture removal in the 500 m high control volume. For each control area we get slopes of around -0.5. Fig. 3b shows the control efficiency normalized by Mr -0.5 as a function of the ratio between the target and control areas RS =Strg /Sctr, where Strg is the area of the target region and Sctr the area of the control region. This shows a collapsed envelope, which corresponds to the maximum attainable efficiency.
The maximum impact of moisture removal can be estimated from the envelope curve. For example, the curve predicts an Ef /Mr -0.5 value of 10 6 for RS =1 (solid star in efficiency increases in proportion to RS for RS <<1, and saturates for RS >>1. These tendencies can be explained by the illustration in Extended Data Fig. 3 . The values are listed in Extended Data Table 1 .
CONCLUSION
We have demonstrated the feasibility of modulating a storm training that appeared over Hiroshima on 19th and 20th August 2014 by conducting sensitivity test simulations with reduced moisture in the lower atmosphere. We confirmed that a small upstream removal of moisture can be magnified via a nonlinear response to give a reduction of local rainfall accumulations that can be greater by a factor of one thousand. We for explicit cloud physics. The Model Simulation radiation TRaNsfer code (MSTRAN) 21 was used for calculating longwave and shortwave radiation transfer.
The horizontal computational domain includes a part of the Chugoku, Shikoku, and Kyushu regions (Fig. 1a) . The horizontal grid spacing ΔxH was set to 500 m. The 
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